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Summary 

Glycogen phosphorylases catalyze the breakdown of 
glycogen to glucose-1 -phosphate, which enters gly- 
colysis to fulfill the energetic requirements of the or- 
ganism. Maintaining control of blood glucose levels is 
critical in minimizing the debilitating effects of diabe- 
tes, making liver glycogen phosphorylase a potential 
therapeutic target. To support inhibitor design, we de- 
termined the crystal structures of the active and inac- 
tive forms of human liver glycogen phosphorylase a. 
During activation, forty residues of the catalytic site 
undergo order/disorder transitions, changes in sec- 
ondary structure, or packing to reorganize the cata- 
lytic site for substrate binding and catalysis. Knowing 
the inactive and active conformations of the liver en- 
zyme and how each differs from its counterpart in 
muscle phosphorylase provides the basis for design- 
ing inhibitors that bind preferentially to the inactive 
conformation of the liver isozyme. 

Introduction 

Non-insulin-dependent diabetes meliitus (type 2 diabe- 
tes), estimated to affect 15 million people in the United 
States, is a chronic metabolic disorder characterized by 
defects in insulin secretion and insulin action. Type 2 
diabetes can lead to serious complications such as neu- 
ropathy, nephropathy, retinopathy, premature athero- 
sclerosis, and cardiovascular disease. Although both 
genetic and environmental factors have been linked to 
type 2 diabetes, the molecular basis of the disease re- 
mains poorly understood. However, excessive produc- 
tion of glucose by the liver is elevated in type 2 diabetics 
and is a major contributor to diabetic hyperglycemia. 
Recent data strongly suggest that tight blood glucose 
control is critical in preventing or delaying the onset of 
diabetic complications (Abraira et al. t 1995). The liver 
produces glucose by gluconeogenesis (de novo synthe- 
sis of glucose) and by glycogenolysis, the breakdown of 
glycogen by liver phosphorylase (E.C. 2.4.1.1). Although 
diabetes is not caused by defects in liver phosphorylase, 
inhibition of this enzyme may provide a means of con- 
trolling glucose levels in circulating blood. Preliminary 
results have shown that inhibitors of glycogenolysis 
show both cellular and oral activity in reducing blood 
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glucose levels in ob/ob mice (Hoover et al. ( 1 998; Martin 
et al.. 1998). 

Glycogen phosphorylases catalyze the regulated 
phosphorolysis of an a-1, 4-glycosidic bond in glycogen 
to yield glucose-1 -phosphate to meet the energetic 
needs of the cell. Glycogen phosphorylases are highly 
conserved from bacteria to mammals but share no ho- 
mology with other carbohydrate degrading enzymes. In 
humans, there are three isozymes of phosphorylase that 
are named for the tissues in which they are predomi- 
nantly expressed: liver, muscle, and brain. While the 
muscle and brain isozymes serve the tissues in which 
they are found, the role of the liver isozyme is to meet 
the glycemic demands of the body as a whole. 

AH three human isozymes are allosterically regulated 
by small molecule effectors and by phosphorylation of 
Ser-14, which cause switching between active and inac- 
tive conformations (Newgard et al., 1989). The enzyme 
is activated by phosphorylation (GPa) or by binding of 
AMP to the unphosphorylated form (GPb). In the ab- 
sence of ligands, GPb is inactive and GPa may adopt 
the inactive conformation when ATP or glucose is 
bound. AMP and ATP both bind to an allosteric site 
distinct from either the phosphorylation site or the cata- 
lytic site, and glucose binds at the catalytic site. 

Within this general framework, each human isozyme 
exhibits a different tissue-specific sensitivity to alloste- 
ric effectors. In particular, the muscle and liver enzymes 
differ dramatically in their responses to effectors that 
bind to the AMP site. Overall, the human liver and human 
muscle proteins are 79% identical, and with one excep- 
tion, all residues that bind AMP are conserved. None- 
theless, the muscle enzyme is potently and coopera- 
tively activated by AMP while the liver enzyme is not 
The unphosphorylated form of the muscle enzyme is 
strongly activated by AMP, to 80% of the enzyme's 
maximal activity, and binding is cooperative (Morgan 
and Parmeggiani, 1964). Binding of AMP can be compet- 
itively inhibited by ATP or Glc-6-P (Madsen, 1964; Mad- 
daiah and Madsen, 1966; Kobayashi et al., 1982). AMP 
also stimulates the activity of the phosphorylated mus- 
cle enzyme by another 10% (Lowry et al., 1964; Helm- 
reich et al., 1967). In contrast, the unphosphorylated 
form of the liver enzyme is inactive, shows only a slight 
increase in activity in the presence of AMP (10%-20%), 
and is insensitive to inhibition by ATP or Glc-6-P. Phos- 
phorylation results in maximal activity that is not further 
increased by AMP. 

The human phosphorylases exist as homodimers 
formed from monomers of 841 (muscle), 846 (liver), and 
862 (brain) residues (Figure 1). The dimer can be thought 
of as having two opposite "faces." The regulatory face, 
containing the phosphorylation peptide and the AMP 
site, is exposed to the cytosol, where it can interact with 
the kinase, the phosphatase, and allosteric effectors. 
On the opposite side of the enzyme, the catalytic face 
is bound to the glycogen particle. Each monomer com- 
prises an N- terminal and a C-terminal domain of about 
equal size. The catalytic site is formed at the domain 
interface. The required cofactor, pyridoxal phosphate 
(PLP), is attached by a covalent Schiff base linkage to 
Lys-680 in the C-terminal domain. The phosphorylation 
site, Ser-14, is contained within a region of polypeptide 
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Figure 1. Overview of the Structure of Active Human Liver Glycogen Phosphorylase 
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that binds across the subunit interface (residues 5-22) 
and is referred to here as the phosphorylation peptide. 
Ser-14 is phosphorylated by a specific kinase, phos- 
phorylase kinase, and is dephosphorylated by the pro- 
tein phosphatase, PP1 . 

Here, we present the crystal structures of a human 
phosphorylase (Table 1). We describe the structure of 
the phosphorylated form of human liver glycogen phos- 
phorylase (HLGPa) in its active and inactive conforma- 
tions and compare them to reveal the nature of the 
structural transition that increases enzyme activity. The 
active conformation is defined by the complex of HLGPa 
with AMP, the inactive conformation by the structure of 
HLGPa complexed with a potent but nonphysiological 
glucose analog, /V-acetyl-p-D-glucopyranosylamine. 

The crystal structures of phosphorylases from other 
species are known. Rabbit muscle phosphorylase has 
been the subject of intensive kinetic, biochemical, and 
crystallographic analyses since it was first purified in 
the 1930's. More recently, the crystal structures of £. 
coli maltodextrin phosphorylase and GPa and GPbfrom 
S. cerevisiae have provided insights into the details of 
substrate binding and the different ways in which these 



enzymes are regulated by phosphorylation and by small 
molecules. In this report we compare the human liver 
phosphorylase structures to those of the rabbit muscle, 
f. coli, and S. cerevisiae enzymes to reveal the dramatic 
changes of the catalytic core on activation and the struc- 
tural basis of AMP sensitivity. 

Results 

Crystallization 
Inactive Conformation 

We cocrystallized phosphorylated human liver phos- 
phorylase (prepared from the Baculovirus expression 
system) with the catalytic site inhibitor, A/-acetyl-£-D- 
glucopyranosylamine (the glucose analog), in the inac- 
tive conformation of the enzyme. The glucose analog 
exhibits a K, of 0.035 mM for the phosphorylated form 
of muscle phosphorylase, which is 50-fold lower than 
the K, for a-D-g!ucose (1.7 mM) (Oikonomakos et al 
1995). 

Active Conformation 

Crystals of the active conformation were obtained as a 
byproduct of efforts to grow crystals of the inactive form 
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Table 1. Crystallographic Data and Refinement Statistics 



Active 






Inactive 


HLGPa/AMP. (glucose) 
Space group 
Cefl constants 

Asymmetric unit 


P3,21 

a = b = 123.91 A 
a = 0 = 90.0° 
monomer 


c = 127.68 A 
7 = 120.0° 


HLGPa/1-GIcNAc 
P3, 

a - b = 124.0 A c = 122.98 A 
a = B = 90.0° y = 120.0° 
dimer 


Data Collection Statistics 


Resolution 
Unique reflections 
Redundancy 
Resolution Oast shell) 
ChH 

i/error 

Completeness (%) 


50.0 - 2.4 A 

53.400 

5-6 

50.0 - 2.4 (2.49 - 2.4) 
1.04 (1.09) 
0.057 (0.495) 
22.9 (2.2) 
98.5 (91.8) 




30.0 - 2.4 A 

78342 

2-3 

30.0 - 2.4 (2.49 - 2.4) 
1.17 (1.26) 
0.047 (0.174) 
22.5 (5.7) 
99.5 (97.8) 


Refinement Statistics 


Protein 

Disordered 

Ugands 

Water molecules 

Resolution 

R 

R*» 

Rmsd bond lengths 
Rmsd bond angles 


5-838 

1-4, 315-324, 839-846 
AMP, (glucose) 
242 

50.0 - 2.4 A (2.42 - 2.4) 

0.235 (0.353) 

0.295 (0.476) 

0.007 A 

1.32' 




23-249, 260-316. 324-831 

1-22, 250-259. 317-323, 832-846 

1-GlcNAc 

255 

30.0 - 2.4 (2.42 - 2.4) 

21.5 (29.4) 

24.9 (30.0) 

0.010 A 

1.93° 



Resolution, Chi 2 , R^, l/error (Intensity divided by error), and completeness values taken from Scalepack results (Otwinowski and Minor, 
1997). R^ = X^S, j 1(h) - li(h) | / 2*1^) where l 4 (h) and 1(h) are the ith and the mean measurement of the intensity of reflection h. R^ = I» 
[jFobs(h) - Fcal(h) | / Z„Fobs(h)} where Fobs(h) and Fcal(h)| are the observed and calculated structure factor amplitudes. R^is computed 
using 10% of the reflections from each resolution shell, randomly selected. 



by different methods than those described above. In the 
beginning, we tried to obtain crystals of an inactive form 
of HLGPa (prepared from E. colt cells) by cocrystallizing 
with glucose (at this time the more potent glucose ana- 
log was not available), but the resulting crystals were 
poor. However, one preparation of the enzyme gave 
improved crystals, and we hypothesized that this sam- 
ple contained residual AMP remaining after the AMP 
affinity chromatography step. Subsequently, we found 
that addition of glucose plus either AMP, IMP, ATP, or 
Glc-6-P to other preparations of the protein gave the 
same high-quality crystals. Because we sought to deter- 
mine the complex of HLGPa with one of our inhibitors, 
we soaked the HLGPa/AMP/glucose crystals in solu- 
tions containing a Pfizer compound, 5-Acetyl-1-ethy|- 
2-oxo-2,3-dihydro-1H-indole-3-carboxylic acid (3-phe- 
nylcarbamoyl-phenyO-amide. The resulting active state 
structure of human liver glycogen phosphorylase a con- 
tained AMP at the expected ailosteric site but only weak 
density in the active site, suggesting poor occupancy by 
glucose. No density could be identified corresponding to 
the Pfizer compound. 

Because the crystals were grown in the presence of 
glucose and soaked in a second inhibitor, it is possible 
that the conformation of the protein in the crystal is not 
fully active, despite the weak or absent density for the 
inhibitors. We think that the conformation of the protein 
is set by the Ser-14 phosphorylation and the presence 
of AMP, since AMP binds more tightly to the enzyme 
than glucose. The fact that glucose is not required for 
crystal growth and that addition of the Pfizer inhibitor to 
the crystallization trial actually prevents crystal growth 
indicates that the protein is in the active conformation. 



The role of the inhibitors ATP, IMP. and Glc-6-P in pro- 
moting crystal growth may be partly explained by the 
crystal structure of HLGPa with ATP, which shows that 
ATP is not well ordered except for the triphosphate that 
binds to arginines and tyrosines within the AMP site 
and presumably stabilizes the enzyme for crystallization 
(T. R- H. and V. L. R., unpublished data). Overall, the 
crystal structure of HLGPa/ATP is in the same active 
conformation described for HLGPa/AMP with some ad- 
ditional differences in the ATP binding site. 



Overall Description of the Structures 
Comparing the biologically relevant dimeric enzyme in 
both its inactive and active conformations reveals the 
structural changes that occur when the enzyme is acti- 
vated and can be directly attributed to the absence 
of the glucose analog inhibitor. The structural changes 
accompanying activation can be identified by (1) order/ 
disorder transitions, (2) calculating the root mean square 
difference in atomic positions for each residue (after 
superposition), and (3) calculating the differences in the 
phi and psi angles for each residue. These methods 
clearly identify the regions described below as key to the 
activation mechanism. The transition to active enzyme is 
defined by the refolding of the phosphorylation peptide 
on the regulatory face and by the repacking and, in 
parts, refolding, of the hydrophobic core of the enzyme 
on the catalytic face. The structural changes relating to 
the phosphorylation peptide are similar to those pre- 
viously described for the rabbit muscle protein. The re- 
arrangement of 40 residues of the catalytic core is de- 
scribed here in its entirety. 
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The Phosphorylation Peptide 
inactive Conformation 

The phosphorylation peptide is completely disordered 
in the inactive form. No electron density is present for 
residues 1-23. This disorder was unexpected and sug- 
gested a novel feature in the regulation of liver phos- 
phorylase: that the inhibited phosphorylated form was 
structurally identical to the unphosphorylated form. Al- 
ternatively, the missing electron density could be the 
result of dephosphorylation of Ser-14 or proteolysis of 
the N terminus during crystallization! To confirm the 
phosphorylation state of the protein in the crystal, pro- 
tein extracted from crystals was subjected to proteolytic 
digestion followed by mass spectrometry of the phos- 
phorylation peptide. From these studies, it was con- 
cluded that the HLGPa as prepared and derived from 
crystals of the glucose analog complex was phosphory- 
lated in high yield (estimated to be greater than 80%) at 
Ser-1 4, and the absence of electron density for residues 
1-23 was not due to dephosphorylation or proteolysis 
of the protein but rather reflected true disorder in the 
crystal. 

Active Conformation 

In the active form, the phosphorylation peptide is well 
ordered and stabilizes the active conformation through 
numerous interactions to its binding site within the sub- 
unit interface. Except for residue 21, all main chain 
atoms of the phosphorylation peptide are ordered, al- 
though the electron density for some side chains is weak 
or absent. The charge on Ser-14 phosphate is compen- 
sated by interactions with three arginines, one from the 
other subunit (Arg-16, Arg-43', Arg-69; where the prime 
(') indicates the second subunit). The aliphatic part of 
each arginine side chain also contributes to shielding 
the phosphate from the reach of the phosphatase. The 
entire phosphorylation peptide stabilizes the subunit in- 
terface by participating in numerous hydrogen bonds 
(mostly through backbone atoms) to residues of the 
second subunit within the dimer. 

The Catalytic Site 
Inactive Conformation 

The tower helices (267-274) from each subunit are linked 
by hydrogen bonds (270: 274' and 274: 270') and form 
the heart of the subunit interface on the catalytic face 
of the enzyme. Attached to either end of the tower helix 
are the 250's loop (residues 250-260) and the gate (resi- 
dues 280-289). Access by substrate is controlled by the 
concerted movement of loops at the domain interface 
that expose or occlude the catalytic site. The gate has 
previously been identified in crystal structures of rabbit 
muscle phosphorylase, which showed that access to 
the catalytic site is increased when the gate adopts an 
"open" position and is reduced when the gate blocks 
the entrance to the catalytic site in the "closed" position 
(Sprang et al., 1982; Acharya et al., 1991). 

In the structure of human liver glycogen phosphory- 
lase a in the inactive conformation, the gate is in the 
closed position (Figures 2 A and 2C). The gate is held in 
place on one side by the glucose analog and on the 
other by the 380's loop (residues 376-386). Together, 
the glucose analog, gate, and 380's loop form a sand- 
wich, filling the space between the two domains to the 
exclusion of substrate. The positions of both the gate 
and the 380's loop are further stabilized by hydrogen 
bonds to residues of the C-terminal domain. 



Catalytic face 

Inactive Active 




Figure 2. Refolding and Repacking the Protein Core 
Cartoon showing the structural changes that occur on the catalytic 
face of the enzyme in the (A) inactive and active conformations of 
HLGPa. The subunits of the functional dimer are shown as circles; 
N, N-terminal domain; C, C-terminal domain. In the inactive struc- 
ture, the caffeine site is formed but unoccupied (Phe-285 and Tyr- 
613 in light blue); solid red cylinder, two turn extension of the tower 
helix; red dotted lines, hydrogen bonds between the tower helices; 
dashed black lines, disordered regions of the Z50's loop. In the 
active structure, the subunit rotation axis is shown in green; the 
caffeine site is absent owing to the displacement of Phe-285; helix 
8 is extended by one turn (solid purple cylinder). Inactive (C) and 
active (D) conformations of HLGPa showing the secondary structural 
elements and ten residues identified from the structure of yeast 
glycogen phosphorylase that undergo rearrangement upon activa- 
tion (Kraulis, 1991). Note the shortened gate and the position of Tyr- 
280, poised to bind substrate. 



The glucose analog is well defined in the electron 
density and forms 12 hydrogen bonds to residues from 
both domains. The binding site of the glucose moiety 
of the analog is nearly identical to that of glucose, as 
seen in crystal structures of the rabbit muscle protein 
(Sprang et al., 1982; Martin et al., 1990). Glucose and 
the glucose analog differ only by their substituents at 
the CI carbon with the additional IM-acetyl group in the 
glucose analog contributing one additional hydrogen 
bond (to His- 37 7) and numerous van der Waal contacts 
to the protein. 

Through its contacts to the C-terminal domain, the 
gate also forms an ailosteric inhibitor site, known as the 
purine nucleoside site, previously identified in crystal 
structures of rabbit muscle phosphorylase (Kasvinsky, 
1 978). Various heterocyclic compounds such as caffeine 
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have been shown to stack between the side chains of 
Phe-285 and Tyr-613 at this site. In doing so, these 
compounds act synergisticaliy with glucose to inhibit 
the enzyme. In the inactive conformation described 
here, the aromatic rings of Phe-285 and Tyr-613 are 
optimally spaced to accommodate such an inhibitor. 
Active Conformation 

In the activated liver phosphorylase structure, the tower 
helix is shorter by two turns and does not form the 
hydrogen bonds to its mate in the other subunit, which 
are seen in inactive HLGPa. The gate is well ordered 
and is moved up and away from the entrance to the 
active site such that substrate has direct access to the 
catalytic residues (Figures 2B and 2D). In its open posi- 
tion, the gate residues make van der Waals contacts 
with the 250's loop of the other subunit. The length of 
the gate is shortened by converting part of the reverse 
£ turn into a turn of helix, extending helix 8. This shorter 
gate can no longer reach to the glucose analog binding 
site, nor does it contact the 380's loop that is less well 
defined in the electron density. Main chain but not side 
chain atoms of the 380's loop can be built into the elec- 
tron density, but the high temperature factors (79 A 2 on 
average for Ca carbons) indicate that the 380's loop is 
quite flexible. Thus, when open, the gate contacts the 
250's loop of the second subunit and as a consequence 
the 380's loop of its own subunit becomes more mobile. 

We did not expect to see density for glucose in the 
catalytic site of the active conformation, despite its pres- 
ence in the crystallization drop at a concentration of 
50 mM. Nonetheless, density that is most reasonably 
interpreted as a poorly ordered glucose molecule is 
present. 

The AMP Binding Site 

AMP is not present in the inactive conformation. In the 
active conformation, side chains move to improve their 
contacts with AMP (Figure 3A). AMP binds across the 
subunit interface where it is bound between a loop from 
one subunit termed the cap (residues 42'-45\ so called 
because it "caps" the AMP binding site) and a helix 
from the other (helix 2, residues 48-78). In the active 
conformation, the phosphorylated N terminus passes 
directly over the cap, forming both hydrogen bonds and 
van der Waals contacts to residues of the cap. Contacts 
between the phosphorylation peptide of one subunit 
and the cap of the other stabilize the subunit interface 
in the active conformation. 



The Transition to Active Enzyme 
Subunit Rotation 

The active conformation is characterized by a rigid body 
rotation of the two subunits that results in an increased 
number of contacts between them. Compared to the 
inactive conformation, the hydrophobic cores of the two 
subunits rotate in toward each other by nearly 7 degrees 
(Figure 2B) (Rath and Fletterick, 1994). This rotation af- 
fects the packing and hydrogen bonds formed between 
the two subunits. Excluding ligands, the surface area 
at the subunit interface increases from 4200 to nearly 
7300 A 2 , brought about by a 60% increase in van der 
Waals contacts. In the transition to activated enzyme, 
7 hydrogen bonds unique to the inactive conformation 
are lost and 21 specific to the active conformation are 
gained. 
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Domain Interface Remodeled 

In the active conformation, the subunit rotation is ac- 
companied by a smaller, 1.5 degree rotation of the two 
domains that significantly alters the domain interface. 
The interface is remodeled by breaking 11 and making 
8 new hydrogen bonds that are unique to the active 
conformation of the enzyme. The total number of hydro- 
gen bonds formed between the two domains remains 
nearly constant as does the area buried at the domain 
interface. 

Discussion 

The Phosphorylation Peptide 

On the regulatory face of the enzyme, the phosphoryla- 
tion peptide is disordered in the inactive conformation 
but ordered and bound to the surface of the protein in 
the active form. Its refolding and binding mode have 
been well characterized in the case of the rabbit muscle 
enzyme, and the story is essentially the same for HLGP 
(Sprang et al., 1988). The absence of density for the 
phosphorylation peptide suggests that the inhibited 
phosphorylated enzyme adopts the same conformation 
as expected for the unphosphorylated form. The inactive 
conformation of liver phosphorylase represents the in- 
hibited enzyme prior to dephosphorylation by the phos- 
phatase PP1. Releasing the phosphorylation peptide 
from its binding site on phosphorylase frees it to interact 
with the catalytic site of the phosphatase. 

This structural result may explain an important differ- 
ence in regulation between the two isozymes. Unlike the 
muscle enzyme, which is sensitive to allosteric effectors, 
liver phosphorylase is primarily regulated by neuronal 
and hormonal signals acting through the kinase and the 
phosphatase to alter the phosphorylation state of Ser- 
14. Several inactive conformations of the muscle en- 
zyme have been identified crystallographically, appar- 
ently tuned by the occupancy of the allosteric sites. In 
contrast, because of its insensitivity to effectors, the 
liver enzyme may have only one inactive conformation, 
which looks like the unphosphorylated enzyme. This 
may be confirmed by showing that the structure of the 
unphosphorylated liver enzyme is identical to the inac- 
tive conformation described here. 

Refolding and Repacking the Protein Core 
Activation of phosphorylase by repacking the hydropho- 
bic core was first described for yeast glycogen phos- 
phorylase (Lin et al.. 1997). In the transition from inactive 
to active yeast phosphorylase, 10 residues participate 
in a hydrophobic condensation (Figures 2C and 2D). 
Despite many other differences, residues that form this 
hydrophobic cluster of the active yeast enzyme are more 
conserved at the amino acid level (comparing 14 phos- 
phorylase sequences) than those in the inactive confor- 
mation. The authors proposed that this active core 
would be conserved structurally in other phosphory- 
lases. Using the human liver enzyme, we have been able 
to grow crystals of the active dimeric enzyme and show 
that the active core described in yeast phosphorylase 
is, in fact, preserved structurally in the liver enzyme. 
Conservation of this rearrangement in both yeast and 
liver phosphoryfase at the structural (and sequence) 
level suggests that this activation mechanism is a gen- 
eral one for phosphorylases. 
On activation of HLGPa, forty residues (residues 250- 
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Figure 3, Differences in the Structure of the 
AMP Binding Site 

(A) Comparison of the AMP site in inactive 
and active HLGPa. Stereo diagram of the 
AMP site in active liver phosphorylase (heli- 
ces, strands, and coils in black; side chains 
and AMP represented in ball- and- stick form 
with atom-specific gray-scale), superim- 
posed on the AMP site of inactive HLGPa 
(helices, strands, and coils in gray; side 
chains as gray sticks), made in Molscript 
(Kraulis. 1991). 

(B) Comparison of the AMP site in muscle 
and liver phosphorylase. Stereo diagram of 
the AMP site in tetrameric RMGPb {helices, 
strands, and coils in black; side chains and 
AMP represented in ball-and-stick form with 
atom specific gray-scale [Sprang et at., 
1991J). superimposed on the AMP site of ac- 
tive HLGPa (helices, strands, and coils in 
gray, side chains as gray sticks, and AMP 
represented as black ball-and-stick), made in 
Molscript (Kraulis, 1991). Residues 42', 44', 
and 45' of the cap that form hydrogen bonds 
and van der Waals contacts to AMP in both 
structures are omitted for clarity. In muscle 
phosphorylase, the adenine N6 amino group 
is specified by the main chain carbonyts of 
residues 315, 318, and the side chain of Phe- 
316. 



290, equivalent to the 250's loop, tower, and gate) un- 
dergo either order or disorder transitions, changes in 
secondary structure, and/or repacking, resulting in a 
larger subunit interface with new hydrogen bonds and 
van der Waals contacts. The two subunits rotate toward 
each other and lock into a register that reorganizes the 
catalytic site for substrate binding and catalysis. The 
conformation of the 250's loop and gate are virtually 
identical in the crystal structures of active liver and yeast 
phosphorylase. In addition, all 10 of the side chains 
identified as part of the hydrophobic cluster in yeast 
phosphorylase are found in virtually identical positions 
in the active HLGPa structure (Figure 2D). In contrast, 
the positions of these residues in the inactive structures 
of liver, muscle, and yeast phosphorylase are quite dif- 
ferent (Acharya et al., 1991; Rath, 1991). 

Changes in the tower and gate in active HLGPa also 
prepare the catalytic core for substrate binding and ca- 
talysis. Recent crystallographic studies on maltodextrin 
phosphorylase (MalP) from E. coii have revealed the 
substrate binding site of the glycogen polymer in phos- 
phorylase (Watson et al., 1999), and we find that many 
of the substrate binding residues are correctly placed 
in active HLGPa. Arg-569 and Lys-574 are positioned 
to bind phosphate (Goldsmith et al.. 1989; Watson et 
al., 1999), with Tyr-280, Asp-339, Lys-568, His-571, and 
Tyr-613 placed to bind the glucose polymer. Of the resi- 
dues that bind substrate, only the 380's loop is out of 
place. Relative to its position in the MalP complex, the 
380's loop is pushed away from its position in the bound 
conformation, making it solvent exposed. 

Loss of AMP Activation and Cooperative Binding 
in Liver Phosphorylase 

In muscle phosphorylase, AMP stabilizes the active con- 
formation of the enzyme by binding across the subunit 
interface between the cap of one subunit and helix 2 of 



the other. Thus, the cap of the AMP binding site from 
one subunit extends into helix 2 at the base of the AMP 
binding site from the second subunit. The importance of 
stabilizing this part of the subunit interface for activation 
was demonstrated by creating a metal binding site be- 
tween the cap and helix 2 and showing that activity 
increased in the presence of metals bound to the site 
(Browner et al., 1994). The stabilized tight subunit inter- 
face is linked to structural changes at the catalytic site 
that increase enzyme activity (Sprang et al., 1987). 

Despite the conservation of binding site residues, 
many of the interactions with AMP seen in muscle phos- 
phorylase are absent in the complex of the liver enzyme 
with AMP (Figures 4 A and 4B). The loss of contacts to 
binding site residues is primarily the result of a rigid body 
rotation between the two subunits and, secondarily, due 
to alterations in side chain positions. The rotation of 
the subunits with respect to each other increases the 
distance between Cot carbons of the cap and helix 2 by 
0.5 A (on average), and five hydrogen bonds seen in 
the muscle phosphorylase/AMP complex are lost. The 
remaining ionic and stacking interactions are similar to 
those in muscle phosphorylase. 

In the muscle enzyme, AMP also contacts a surface 
loop termed the adenine loop (residues 31 5-325, Figure 
4A). In muscle phosphorylase, the adenine N6 amino 
group is specified (over inosine) by the main chain car- 
bonyts of residues within this loop (Sprang et al., 1991). 
These contacts are absent in the liver phosphorylase 
complex because the loop adopts a different conforma- 
tion (Figure 3B). Although the adenine loop is poorly 
ordered in active HLGPa, the path of the main chain can 
be modeled with confidence. As modeled, the adenine 
loop does not adopt the conformation seen in the muscle 
enzyme, because of steric overlap with Tyr-75 and be- 
cause several hydrogen bonds that stabilize the confor- 
mation observed in the muscle structure are absent due 
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muscle 

Figure 4. Contacts between AMP and Phosphorylase 

(A) Interactions between Muscle phosphorylase and AMP. Chemdraw figure (Cam bridge Soft 1999) showing the hydrogen bonds and principal 
van der Waals contacts (3.4-4.2 A, wavy lines) between AMP and tetrameric rabbit muscle phosphorylase b (Sprang et al., 1991). 

(B) Interactions between HLGPa and AMP. Chemdraw figure (CambridgeSoft 1999) showing the hydrogen bonds and principal van der Waals 
contacts between AMP and active HLGPa. 
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to sequence changes. The flexibility of the adenine loop 
is likely due to the fact that it is solvent exposed and 
forms no contacts to the body of the protein. 

We propose that the loss of AMP cooperative binding 
and weak enzyme activation in the liver isozyme results 
from changes at the subunit interface, notably in the 
conformation of the adenine loop. The adenine loop 
connects the AMP site to the active site gate through 
helix 8 (Figure 1). Without the contacts between AMP 
and the adenine loop, the effect of AMP binding may 
not be coupled to the active site (as previously proposed 
[Kobayashi et al. r 1 982]). The loss of cooperative binding 
in liver phosphorylase may be due to the fact that AMP 
forms fewer hydrogen bonds to residues of helix 2. Co- 
operative binding of AMP in muscle phosphorylase is 
propagated through helix 2 to the other subunit (Fig- 
ure 1). 

In addition to the adenine loop, other residues of the 
subunit interface in human liver phosphorylase may also 
play a part in the altered AMP response. A chimeric 
phosphorylase consisting of the first 48 residues of the 
human muscle sequence followed by the rest of the liver 
isozyme (a total of 10 amino acid changes) could be 
activated by AMP and exhibited a higher specific activity 
than the wild-type liver enzyme, although its affinity for 
AMP was unchanged (Coats et al., 1991). There are 
significant differences in the inter subunit hydrogen 
bonds for residues 5-48 comparing the rabbit muscle 
and human liver crystal structures. Though none are the 
result of sequence changes, this suggests that regions 
of the subunit interface outside of the AMP binding site 
are also important for activation by AMP. 

Comparison of the Activation Mechanisms 
of Human Liver Phosphorylase and Rabbit 
Muscle Phosphorylase 

The mechanism of enzyme activation in human liver and 
rabbit muscjejahosphorylase (RMGP) is expected to be 



iClejDhpsphorylase (RMGP) is expect 

«EST AVA ILABL£ 



conserved. A strict comparison cannot be made be- 
cause of the lack of a fully activated, dimeric, muscle 
phosphorylase crystal structure. In all the RMGP struc- 
tures solved to date, the enzyme is either inhibited in 
some way or forms a tetramer in which the catalytic site 
is blocked. The 250's loop, a key part of the hydrophobic 
condensation, is disordered in all known muscle phos- 
phorylase structures. The fact that yeast phosphorylase 
and HLGP (49% identical at the amino acid level) share 
the same activation mechanism strongly suggests that 
the more closely related mammalian phosphorylases 
(80% sequence identity between human liver and rabbit 
muscle phosphorylase) are also activated in the same 
way. 

A comparison of the inactive and active conformations 
of HLGP and RMGP shows that in both enzymes, the 
solvent accessible surface area of the subunit is de- 
creased (by 3100 and 2220 A 2 , respectively) when the 
enzyme is activated and hydrogen bonds that are spe- 
cific for the inactive conformation are replaced by a 
greater number of hydrogen bonds that are specific for 
the active conformation. About half of the conformation- 
specific hydrogen bonds are found in both RMGP and 
HLGP; the remainder are isozyme specific. Activation of 
both isozymes involves a targer subunit rotation (about a 
conserved axis) and smaller domain rotation, similar in 
magnitude. 

The tissue-specific functional differences between 
liver and muscle phosphorylase result from differences 
in the subunit interface and not from alterations in resi- 
dues that bind ligands. This result was unanticipated 
because of the high sequence conservation of interface 
residues. Of the residues forming the subunit interface 
in rabbit muscle phosphorylase, there are only three 
amino acid differences in the human liver sequence 
(Rath et al., 1987). Changes in the relative orientation 
of the hydrophobic cores of the subunits and in the 
hydrogen bonds and van der Waals contacts between 
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the subunits cause a repacking of the subunit interface. 
This repacking creates a liver phosphorylase dimer that 
is distinct from that of the muscle enzyme and could 
not have been predicted by sequence comparison. 

Knowing the atomic resolution structure of the inac- 
tive and active forms of HLGPa provides us with the 
necessary background to design inhibitors that prefer- 
entially stabilize the inactive conformation of the liver 
enzyme. Inhibitors (binding at either the active site or 
the allosteric sites) can be optimized to maximize direct 
contact to the inactive conformation and to avoid con- 
tacts to the active conformation of the enzyme. A further 
goal, which may be critical for obtaining an effective 
drug, is to identify compounds that are selective inhibi- 
tors of the liver isozyme. Inhibition of muscle or brain 
phosphorylase could lead to unwanted side effects over 
the lifetime of treatment most diabetics require. Com- 
parative structural studies of the human liver, muscle, 
and brain phosphorylases have been initiated to address 
this issue. 

Experimental Procedures 
Expression 

HLGP (cONA from R. J. Fletterick, UCSF) was originally expressed 
in E coli, and later a Baculovirus system was used due to improved 
expression. In E. cofi, the protein was expressed from plasmid 
pKK233-2 (Pharmacia) in strain XL-1 Blue (Stratagene). The strain 
was inoculated into LB medium (plus 100 mg/L ampicillin, 100 mg/ 
L pyridoxins and 600 mg/L MnClz), grown at 37°C to a cell density 
of OD SS0 = 1.0, and induced for 3 hr with 1 mM isopropyl-1-thio-p- 
D-galactoside (IPTG) prior to harvest In SF9 insert cells, the HLGP 
cDNA was expressed from plasmid pBlueBac III (Invitrogen)cotrans- 
fected with BaculoGold Linear viral DNA (Pharmingen). Cells were 
grown in SF900 II media (GIBco-BRL) at 27°C under serum free 
conditions at a multiplicity of infection of 0.5 for 22 hr and at a cell 
density of 2 x 10* cells/ml and harvested after 72 hr. 

Preparation of Cell Lysate 

The E. colt cells were resuspended in lysis buffer (25 mM 8-glycero- 
phosphate [pH 7.0}, containing 0.2 mM DTT, 1 mM MgCI 2 , 0.7 jj,g/ 
ml Pepstatin A, 0.5 p.g/ml Leupeptin, 0.2 mM phenylmethylsulfonyl 
fluoride (PMSF), and 0.5 mM EDTA), treated with 200 M-g/ml lyso- 
zyme, 3 ng/ml DNAase, and 10 mM MgCl 2 , and sonicated. The lysate 
was clarified by centrifugation at 35,000 x g for 1 hr. Infected SF-9 
cells were resuspended in lysis buffer (0.1 M B -glycerophosphate 
[pH 7.51, containing 0.15 M NaCI, 1 jtg/ml Pepstatin A, 1 |j.g/ml 
Leupeptin. and 1 mM PMSF) treated with 3 u,g/m» DNAase and 10 
mM MgCl 2 , followed by sonication on ice. The lysate was clarified 
by centrifugation at 40,905 x g for 50 min. 

Purification of HLGP from E. coli 

HLGP in the soluble fraction of the lysate was purified by immobi- 
lized Cu +2 affinity chromatography, 5'-AMP-Sepharose chromatog- 
raphy, Green A dye-ligand chromatography, phosphorylation to 
HLGPa using phosphorylase kinase, and Mono Q chromatography. 

Purification of HLGP from SF9 Cells 

HLGP in the soluble fraction of the SF9 lysate was purified by immo- 
bilized Cu +2 affinity chromatography, phosphorylation to HLGPa 
using phosphorylase kinase, and Mono Q chromatography. 

Cu + * Affinity Chromatography 

Phosphorylase can be purified on metal affinity columns without a 
histidine tag (Luong et al., 1992). Chelating Sepharose Fast Flow 
(Pharmacia) was charged with 0.1 M CuC^and washed with buffer 
A (20 mM p-grycerop'hosphate [pH 7.5], 0.3 M NaCI, 0.2 mM DTT, 
1 jjug/ml Pepstatin A, 1 jig/ml Leupeptin, and 2 mM imidazole) fol- 
lowed by buffer B (buffer A + 0.1 M imidazole [pH 7.5]). Lysate was 
diluted with buffer A plus 0.2 M NaCI and 2 mM imidazole, loaded 
onto the column, and etuted using a 0-40 mM imidazole gradient. 



5'-AMP-Sepharose Chromatography 

The desalted pool from the Cu 4Z metal affinity step was mixed with 
70 ml of 5'-AMP Sepharose equilibrated with buffer C (25 mM Tris- 
HCI [pH 7.3} and 3 mM DTT), agitated for 1 hr at 22°C, packed into 
a column, washed, and eluted with buffer D (25 mM Tris-HCI tpH 
7.3], 0.2 mM DTT, and 10 mM AMP). HLGP containing fractions were 
pooled and dialyzed into buffer E (25 mM 3 -glycerophosphate [pH 
7.0], 0.2 mM DTT, 0.3 mM EDTA, and 200 mM NaCI). 

Dye-Ligand Affinity Chromatography 

The dialyzed fractions from the 5'-AMP-Sepharose column were 
loaded onto a Matrex Green A agarose column (Amicon) equilibrated 
with buffer E and eluted with buffer E plus 20 mM 5'-AMP. 

Phosphorylation of HLGPb 

Beads (AffiGel 10, BioRad) of immobilized phosphorylase kinase 
(Sigma) were equilibrated with kinase buffer (25 mM B-glycerophos- 
phate [pH 7.5], 0.5 mM EDTA, 0.25 mM DTT, 1 \i$/m\ Pepstatin A, 
1 ng/ml Leupeptin, 1 mM PMSF, and 0.02% NaNj) and resuspended 
with the dialyzed Cu 2+ affinity step pool. 7 mM ATP and 22 mM 
MgCI 2 were added, the suspension agitated at room temperature 
for 2 hr, transferred to a column, and washed with kinase buffer. 
Conversion to the phosphorylated enzyme was monitored by iso- 
electric focusing. In preparation for anion exchange chromatogra- 
phy, the pool was dialyzed against 20 mM Tris-HCI (pH 7.5), 0.5 mM 
EDTA, 0.25 mM DTT, 1 jig/ml Pepstatin A, 1 u.g/ml Leupeptin, and 
1 mM PMSF. 

Anion Exchange Chromatography 

Dialyzed HLGPa was loaded onto a Resource Q or Mono Q column 
previously equilibrated in buffer F (20 mM Tris/HCI (pH 7.5], 1 mM 
EDTA, 0.5 mM DTT, 1 ^g/ml Pepstatin A, and 1 \i.g/m\ Leupeptin) 
and eluted using a linear gradient to 0.3 M NaCI. Fractions were 
pooled, dialyzed against 50 mM NaBES (pH 6.8), 1 mM EDTA, 0.5 
mM DTT, 4 mM NaCI, and 0.02% NaNj, and assayed for activity 
(Rath et al., 1992). 

Crystallization of the Inactive Conformation 
Baculovirus derived HLGPa was concentrated to 20-40 mg/ml in 
20 mM NaBES (pH 6.8), 1 mM EDTA, and 0.5 mM DTT. After concen- 
tration, 30-80 mM W-acetyl-B-D-glucopyranosy!amine was added. 
Hanging drops were made with equal volumes of the complex and 
reservoir solution (0.1 M NaMES [pH 6.0] and 25%-35% MPD), and 
crystals were grown at 17°C. 

Crystallization of the Active Conformation 
f. coli derived HLGPa was concentrated to 10-20 mg/ml in 20 mM 
NaBES (pH 6.8), 1 mM EDTA, 0.5 mM DTT, 50 mM glucose, and a 
4:1 molar excess of AMP. Hanging drops were made with equal 
volumes of the complex and reservoir solution (0.1 M Tris-HCI [pH 
8.5] and 1 2% PEG 8000) and crystals were grown at room tempera- 
ture. Before data collection, crystals were soaked overnight in a 
cryoprotective solution, of 20% glycerol, 80% well solution and 1 
mM of an inhibitor [5-AcetyM-ethyl-2-oxo-2.3-dihydro-1H-indole- 
3-carboxytic acid (3-phenylcarbamoyl-phenyl)-amide; Pfizer, Inc., 
Groton, CT; experimental details to be published separately]. This 
compound has an 1C M for HLGPa of 122 nM in the presence of 7.5 
mM glucose. 

Data Collection and Structure Solution 

Prior to data measurement, the crystals were flash frozen in a nitro- 
gen gas stream at 100°K directly from the drop. Data were measured 
either on an R-Axis II or a MAR 30 cm image plate detector using 
Cu Ka X-rays from a Rigaku generator operating at 50 kv and 100 
mA. All data were processed using DENZO and SCALEPACK (Otwi- 
nowski and Minor, 1997). Refinement was carried out using iterative 
cycles of manual refitting in O (Jones et al., 1991), simulated anneal- 
ing "omit" refinement, torsional dynamics, or conjugate gradient 
least squares refinement in X-PLOR (Brunger, 1992) or CNS (Brunger 
et a I., 1998). The active crystal form was solved by molecular re- 
placement using the coordinates of the phosphorylated form of 
RMGP (1GPA) as a search mode! in Amore (Navaza, 1994). The 
inactive conformation was solved using the refined coordinates of 
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the active conformation as a starting model in X-PLOR (Brunger. 
1992). Several errors in the amino acid sequence (Newgard et al., 
1986) were identified by resequencing the entire cDNA (M. Carty. 
W. Soeiler, GenBank AF066858). 

Digest of HLGPa 

HLGPa, which had not been crystallized, was desalted by RP-HPLC 
(Geoghegan, 1996) and dried in a SpeedVac concentrator. The dried 
protein was redissolved in 0.4 M NH 4 HCOi, 8 M urea, and 7.5 mM 
DTT, incubated at 37°C for 30 min, and treated with 14 mM iodoacet- 
amide at 22°C for 1 5 min. The sample was diluted to a final concen- 
tration of 0.1 M NH«HCOj. and 2 M urea and digested for 1 8 hr at 
37°C with lysyl endopeptidase (Wako) (Stone and Williams, 1993). 

Digest of HLGPa 

Crystalline HLGPa was dissolved in 0.4 M NH«HCO, and 8 M urea, 
desalted by RP-HPLC, dried, and digested as above using both 
lysyl endopeptidase and end ©proteinase Glu-C (Roche Molecular 
Biochemicals). 

Liquid Chroma tography-M ass Spectrometry 
Liquid chromatography-mass spectrometry (LC-MS) was con- 
ducted on a Hewlett-Packard Model 1090 HPLC connected through 
a Finnigan electrospray interface to a Finnigan LCQ ion-trap mass 
spectrometer. Peptide mapping of proteolytic digests was accom- 
plished using a 1.6%-50% acetonitrite gradient applied to a Vydac 
C18 narrowbore column. A Lys-C digest of HLGPa, which had not 
been crystallized, was analyzed by LC-MS. Several mass spectra 
corresponding to the phosphopeptide (RRQIpSIRGIVGVENVAELK, 
expected mass = 2217.5 Da) were observed, consisting of MH, ,+ = 
740.1 and MH 2 2+ = 1109.9. MS/MS of both species gave spectra 
dominated by two strong peaks; at m/z = 707.5 for MHj 1+ and at 
m/z = 1060.6 for MH 2 * + , each of which corresponds to loss of 98 
Da (elimination of HjP0 4 from serine to produce hydroalanine) from 
the multiply charged ion. Low-level signals corresponding to frag- 
mentation of the MH 2 2 * ion confirmed the expected sequence. As 
this sequence contains only one hydroxyamino acid residue, phos- 
phorylation could only have been at Ser-14. A similar analysis was 
then conducted on a digest of HLGPa from crystals of the glucose 
analog complex. The presence of the phosphopeptide (the Lys-C 
fragment discussed above, obtained without cleavage at the internal 
glutamate) in this materia! was confirmed by detecting the same 
three-scan fingerprint, including narrow-range scanning and MS/ 
MS of its MH 2 I+ ion. No significant m/z peaks corresponding to the 
predicted MH, J+ or MH 2 * + ions of the unphosphorylated form of the 
peptide (residues 10-28, predicted mass = 21 37.5 D) were detected 
in the LC-MS data, suggesting that the unphosphorylated peptide 
was either absent or a minor contaminant. 
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Protein Data Bank ID Codes 

The coordinates of the active and inactive crystal structures of hu- 
man liver phosphorylase a will be deposited in the Protein Data 
Bank. 



